Based on the principle of fluorescence enhancing, by the strong and specific interreaction between iodide (I -) ions and nanoAg on the surface of graphene quantum dots/Ag (GQDs/Ag) nanocomposite, we propose a simple label-free and turn-on method for the detection of I -ions with high selectivity and sensitivity by using fluorescent GQDs/Ag nanocomposite in aqueous media.
Introduction
Iodide (I -) ion is a very crucial element related to the human body and health science because a number of diseases are closely related to the deficiency and radioactivity of iodide. Its levels in biological fluids such as human urine are important for clinical diagnostics of a variety of diseases. For example, deficiency of dietary iodine or abnormal metabolism of iodine could cause goiter, hypothyroidism, and hyperthyroidism. 1, 2 Moreover, deficiency of dietary iodine could lead to developmental defects in extreme conditions. Therefore, the determination of iodide ions is valuable for epidemiological studies of iodine supplementation, particularly in diagnosing and controlling iodine deficiency. Nowadays, various methods based on different principles have been proposed to detect and determine iodide ions, such as electrochemical detection, 3 gas chromatography, electrostatic ion chromatography, liquid chromatography, 4 Raman scattering, 5 optical spectrometry [6] [7] [8] [9] [10] and combinations of methods. 11 However, in many cases, these methods show some limitations involving intricate instrumentation, complicated and multi-step sample preparation, specialized skills, and time-consuming process. To solve these problems, optical-based nanoprobes have been developed using small molecules or nanomaterials for the sensing of I -ions. Although these systems offer high selectivity and sensitivity for I -ions, most of them require expensive, complicated, and tedious chemical modification of the molecular beacon probe to complete the detection process. Therefore, the development of a simple technique for the determination of I -ions in both biological and environmental samples has become very urgent.
Carbon materials have attracted much attention due to their wide applications in adsorption, separation, wastewater treatment and electrochemistry. 12, 13 Particularly, graphene quantum dots (GQDs) are a fascinating class of new nanosized carbon materials and have recently attracted considerable attention due to their unique quantum effects, good biocompatibility, good chemical and photo stability, low toxicity, excellent aqueous solubility, and other properties. Thus, it is no surprise that GQDs have aroused interest for fluorescent studies and can be a potential replacement for the organic and virose fluorescent materials. In light of their special structure and unique optical properties, GQDs are the focus of significant research efforts in the development of new fluorescence signaltransition platforms for sensing that have both the desirable optics characteristics of carbon materials and the structural characteristics of other nanodots. So far, to the best of our knowledge, there are relatively few studies on the application of GQDs for I -ion sensing. In this paper, for the first time, we have presented that the fluorescent GQDs/Ag nanocomposite is a robust probe for detecting I -ions in aqueous solution due to the strong and specific interreaction between I -ions and nanoAg from the surface of GQDs/Ag nanocomposite, as the result of sequestrating nanoAg from GQDs/Ag nanocomposite and recovering the fluorescence of GQDs. The principles of the proposed I -ion sensing concept is shown in Scheme 1. To the best of our knowledge, the application of fluorescence enhancing of the GQDs/Ag nanocomposite to detect I -ions has never been reported before.
prepared by varying the ratio of Na2HPO4 to NaH2PO4. Other chemicals and solvents were of analytical grade and were used without further purification. Double distilled water was used throughout.
Instrumentation
The morphology of GQDs and GQDs/Ag was observed on high resolution transmission electron microscope (Philip CM-120). A vortex mixer IKA MS3 digital was used to blend the solution. UV-vis absorption spectra were recorded on a Shimadzu UV-2450 spectrophotometer (Tokyo, Japan). The fluorescence spectra were performed on a Fluoromax-4 fluorescence spectrofluorometer (Horiba, USA).
Preparation of the GQDs/Ag nanocomposite
GO was prepared by a modified Hummers method 14 from graphite powders. GQDs were synthesized from the prepared GO. And the detailed experimental process is described in the Supporting Information.
In a typical synthesis of GQDs/Ag nanocomposite, 10 mL of as-synthesized GQDs (~2.0 mg mL -1 ) and 2.5 mL of AgNO3 aqueous solution (10 mM) were introduced. The mixed solution was subjected to vigorous stirring at 37 C for a few minutes to obtain the homogeneous solution. Then, 50 μL of NaOH solution (1 M) was added. Immediately after the addition of NaOH, the solution turned from light yellow to dark brown within 1 min, which demonstrated the formation of silver nanostructures on the GQDs surface. After 24 h, the solution was centrifuged at 3000 rpm for 5 min to obtain the GQDs/Ag nanocomposite.
Optimizing experimental conditions
So as to obtain a highly selective and sensitive response for the detection of I -ions, the optimization of the different pH values of PBS was carried out in our experiment. Briefly, 10 μL of 4.3 mg mL -1 GQDs/Ag nanocomposite and 25 μL of 1 mM KI aqueous solution were incubated for 30 s in different pH value of 50 μL PBS (50 mM) and water solution. Finally, the volume of the mixed solution was adjusted to 500 μL with doubly distilled water. The resulting solutions were investigated by fluorescence (FL) spectra with excitation at 350 nm, and both the excitation and emission slit width of FL spectra were 5 nm.
Detection procedure
In a typical run, the binding of various concentrations of Iions to 10 μL of the GQDs/Ag nanocomposite (~4.3 mg mL -1 ) was conducted at room temperature for a few seconds in water solution. The last volume of the mixture was adjusted to 500 μL with ultrapure water. Then, the FL spectra were investigated subsequently with excitation at 350 nm, and both the excitation and emission slit widths of FL spectra were 5 nm.
Sensor selectivity investigation
In the selectivity experiment, 10 μL of the GQDs/Ag nanocomposite (~4.3 mg mL , was mixed individually with this solution and inclubated at room temperature for a few seconds by a vortex mixer. The concentrations of I -and S 2-ions were 50 μM, and that for the other competitive anions was 500 μM, respectively. The last volume of the mixture was adjusted to 500 μL with double distilled water. After equilibrating for 10 min at room temperature, the resulting solutions were studied by FL spectroscopy at room temperature with excitation at 350 nm, and both the excitation and emission slit widths were 5 nm.
Results and Discussion

Characterization
The GQDs/Ag nanocomposite were synthesized from GQDs by the hydrothermal approach described in the Experimental Section. To observe the morphologies of the prepared GQDs and GQDs/Ag nanocomposite, TEM was performed. TEM grids were prepared by depositing one drop solution of purified GQDs and GQDs/Ag onto a standard carbon-coated grid. TEM was performed using a (Philip CM-120) with a tungsten filament running at an accelerating voltage of 120 keV. TEM images show that the GQDs are mostly of spherical shape and dispersed rather evenly on the grid surface with the average diameter of 3 nm approximately (Fig. 1 left) . Ag ions are easily bound to the peripheral carboxylic moieties of GQDs by ion exchange or coordination reactions. After reduction by NaOH, the color of the solution gradually changed from light yellow to dark brown, which demonstrated the formation of Ag nanostructures in the C-dots solution. Meanwhile, it could be easily observed that the size of GQDs/Ag nanocomposite about 6 -8 nm were obviously larger than those of the GQDs (Fig. 1 right) , which suggests that the GQDs not only take the responsibility to gather the Ag + ions to facilitate the reduction reaction, but also act as protective coatings to ensure the production of Ag nanostructure.
The UV-vis and FL spectra were used to characterize the obtained GQDs/Ag nanocomposite formation, respectively. Compared to the maximum adsorption peak located at ~260 nm of the GQDs (Fig. 2A, curve a) , the GQDs/Ag nanocomposite exhibit another adsorption peak at ~430 nm, which is attributed to the surface plasmon resonance of nanoAg ( Fig. 2A, curve  b) . 15 And compared with the FL intensity of GQDs (Fig. 2B,  curve a) , the obvious quenching effect of the addition of the transmission nanoAg in the FL spectra (Fig. 2B, curve b) , indicated the successful formation of the GQDs/Ag nanocomposite nanostructures. 16 However, when I -ions were introduced to the GQDs/Ag nanocomposite system, the formed GQDs/Ag aggregates redispersed. This further confirms that the introduction of Iions disrupts the nanoAg-induced GQDs aggregation because nanoAg have a high affinity and specificity for I -ion by Ag + -Iinteractions. In combination with the fact that the deep-color solution becomes clear and transparent in the presence of I -ions, the proposed turn-on FL process is verified to correspond to the evolution of GQDs aggregation and subsequent dispersion.
Sensor optimization
The pH value of the solution was expected to influence the interaction between I -ions and nanoAg on the surface of the GQDs/Ag nanocomposite. Therefore, it is important to select an appropriate pH value for the FL assay. Herein, the effect of pH over the range of 5.0 to 8.0 in 50 mM PBS and water solution were investigated. As shown in Fig. 3 , the FL emission spectra of GQDs/Ag nanocomposite increased gradually with the pH from 5.0 to 8.0, but decreased in water solution. Highly acidic or alkaline surroundings may have affected the existence species of I -ions, which could be oxidized to elemental iodine (I2) at highly acidic or alkaline surroundings. As is well known, S 2-ions, a weak base with three species (H2S, HS -, and S 2-ion) in solution defined by its pKa (according to the proton acid-base equilibrium theory), can covalently and nonreversibly bind to nanoAg on the surface of the GQDs/Ag nanocomposite, forming highly specific GQDs/Ag2S nanocomposite. The use of alkaline surroundings in our experiment suggested that the more charged, less protonated species (i.e. S 2-) could strongly influence the formation of the metal-anion bond (Ag-I bond). Considering the influence of the other interference ions on the detection of the I -ions and the existence species of I -ions for pH values we thus selected water solution as the optimum solvent for I -ion detection.
Mechanism of the GQDs/Ag nano-composite sensor for I
-ions To explore the feasibility of using such GQDs/Ag nanocomposite for I -ion detection, UV-vis and FL spectra were used to monitor the reaction process between GQDs/Ag nanocomposite and I -ions (Fig. 2) . It is seen that the GQDs/Ag nanocomposite solution in the absence of I -ions exhibits strong adsorption peak at ~430 nm, which is attributed to the surface plasmon resonance of nanoAg ( Fig. 2A, curve b) , and exhibits a relatively weak FL peak at 430 nm (Fig. 2B, curve b) . However, the characteristic surface plasmon resonance band of the nanoAg centered at ~430 nm disappeared with the addition of I -ions, and a typical adsorption peak located at ~260 nm for GQDs appeared from the UV-vis spectrum ( Fig. 2A, curve c) , confirming the re-existence of the GQDs formation and the disappearance of nanoAg. Furthermore, the FL intensity of GQDs/Ag nanocomposite obviously increases in the presence of I -ions, indicating that I -ions can effectively enhance the FL of GQDs/Ag nanocomposite (Fig. 2B , curve b, c and inset of Fig. 2A ). The most probable explanation for the enhancing of FL of GQDs/Ag nanocomposite in the presence of I -ions may be based on the energy-transfer or electron-transfer mechanism. That is, the surface of the GQDs/Ag nanocomposite possesses a large amount of nanoAg, consisting of Ag cations or Ag atoms, where they act as a bridge for the induction of GQDs aggregation. As a consequence, the FL of GQDs is quenched (switched off, Fig. 2B ) through energy-transfer or electron-transfer processes, and meanwhile which should have strong and specific interreactions with the I -ions due to the very low solubility product (Ksp) value of AgI, namely 8.3 × 10 -17 M 2 , 9 as a result of forming the more stable metal compound between I -ions and nanoAg. Then, the GQDs aggregates may be dissociated after the introduction of I -ions because nanoAg display a higher affinity for the I -ions than for the carboxylate groups on the GQDs surface. In this case, the subsequent redispersion of GQDs results in the restoration of FL (switched on, Fig. 2B ). These observations support our suggestion that FL enhancement should be ascribed to the repeated formation of GQDs dispersion as a result of the strong and specific interreaction between I -ions and nanoAg, offering strong support to the proposed working mechanism shown in Scheme 1.
Sensitivity of the detection system
For a sensitivity study, the FL at 430 nm of the GQDs/Ag nanocomposite increased with an increase in the concentration of I -ions from 0 to 300 μM. As shown in Fig. 4 , the sensitivity and linearity of the GQDs/Ag nanocomposite-I -ions system were evaluated by varying the I -ion concentration in water solution. With an increase in the concentration of I -ions, the FL emission intensity at 430 nm of the GQDs/Ag nanocomposite increased gradually. A linear dynamic range was obtained in the plots of [(FL0 -FL)/FL0] of the GQDs/Ag nanocomposite versus the concentrations of I -ions between 0.05 and 10 μM. The fluorescence intensities of the GQDs/Ag nanocomposite in the absence and presence of I -ions are denoted by FL0 and FL, respectively. The limit of detection (LOD) for I -ions, at a signal-to-noise ratio of 3, was estimated to be 16.67 nM, which was much lower than that reported for FL method using other carbon fluorophores. 17 Furthermore, from a scientific point of view, the demonstrated direct I -ion FL enhancing analytical principle paves the way for applications of carbon material fluorophores for direct FL detection of other anions.
Selectivity of the detection system
Considering the promise of the GQDs/Ag nanocomposite sensor system for application in biological and environmental fields, the selectivity of the photoluminescent sensor for I -ions was evaluated. The high specificity of Ag + -I -interactions provided the excellent selectivity of this method towards Fig. 5 . The results demonstrate that I -ions significantly increased the FL of the GQDs/Ag nanocomposite in the presence of all competitors tested. In contrast, no clear enhancing was observed with other anions (Fig. 5) , because they interacted much more weakly with GQDs/Ag nanocomposite than the I -ions. These observations suggest that the proposed approach is capable of discriminating between I -ions and the interference ions. The excellent selectivity and specificity can probably be attributed to the high affinity and specificity interactions between I -ions and the nanoAg from the surface of the GQDs/ Ag nanocomposite.
Conclusions
In conclusion, a novel, simple, rapid, label-free and turn-on method has been developed to detect I -ions with very high selectivity and sensitivity using the FL of GQDs/Ag nanocomposite in aqueous media. The detection is based on the strong and specific interreaction of I -ions to nanoAg on the surface of the nanocomposite with highly efficient FL enhancing. The FL assay provides selective determination of I -ions as low as 16.67 nM, which is better than similar previous FL assay methods. Moreover, the approach is simple and does not require any complicated process or expensive reagents/instrumentation. To the best of our knowledge, this work is the first attempt to use the GQDs/Ag nanocomposite for the sensitive and selective determination of I -ions based on FL enhancing. The results in this study should aid the design of other FL-based sensors to broaden the application of GQDs/Ag nanocomposite. Fig. 5 Selectivity of the GQDs/Ag nanocomposite-based system. The concentrations of I -ions and S 2-ions were 10 μM; that for other anions was 50 μM.
The final concentration of GQDs/Ag nanocomposite was 86 μg mL -1 .
